The aconitase protein of Bacillus subtilis was able to bind specifically to sequences resembling the iron response elements (IREs) found in eukaryotic mRNAs. The sequences bound include the rabbit ferritin IRE and IRE-like sequences in the B. subtilis operons that encode the major cytochrome oxidase and an iron uptake system. IRE binding activity was affected by the availability of iron both in vivo and in vitro. In eukaryotic cells, aconitase-like proteins regulate translation and stability of iron metabolism mRNAs in response to iron availability. A mutant strain of B. subtilis that produces an enzymatically inactive aconitase that was still able to bind RNA sporulated 40؋ more efficiently than did an aconitase null mutant, suggesting that a nonenzymatic activity of aconitase is important for sporulation. The results support the idea that bacterial aconitases, like their eukaryotic homologs, are bifunctional proteins, showing aconitase activity in the presence of iron and RNA binding activity when cells are iron-deprived.
An important component of the response to iron deprivation and oxidative stress in eukaryotic cells depends on a nonenzymatic activity of cytosolic aconitase (ACN) and other iron regulatory proteins (IRPs) (1, 2) . ACN enzymes interconvert citrate and isocitrate. IRPs, whether they have enzymatic activity or not, bind to iron-response elements (IREs), i.e., conserved stem-loop structures, in various mRNAs encoding proteins involved in iron sequestration and either protect the mRNAs against degradation or inhibit their translation (Fig.  1 ). For instance, the IRE of rabbit ferritin mRNA is located in the 5Ј untranslated region (UTR); when this region is bound by a cytosolic ACN (also known as IRP1), translation of ferritin mRNA is inhibited (3) . On the other hand, the IRE of transferrin receptor mRNA is located in the 3Ј UTR; binding of IRPs to this region increases the half-life of the mRNA and thereby increases accumulation of transferrin receptor (4, 5) . In either case, binding only occurs when cells are depleted of iron or, in vitro, when iron is absent (6) . ACNs are ironrequiring enzymes, containing a 4Fe-4S cluster (2) . Thus, when iron is limiting, enzymatic activity of cytosolic aconitase (IRP1) is greatly reduced whereas RNA binding is increased.
Cytosolic ACNs belong to a family of highly conserved proteins among prokaryotes and eukaryotes (7) . Experiments in prokaryotes have suggested a role for aconitase in iron metabolism and virulence (8, 9) . Because Bacillus subtilis aconitase is required for sporulation, an iron-dependent process (10-13), we were led to test whether B. subtilis ACN is an iron-responsive RNA binding protein.
MATERIALS AND METHODS
Strains, Plasmids, and Growth Conditions. The bacterial strains and plasmids used are listed in Table 1 . B. subtilis strains were grown in liquid DS medium (0.8% nutrient broth͞0.1% KCl͞0.025% MgSO 4 -7H 2 O͞1 mM Ca(NO 3 ) 2 ͞10 M MnCl 2 ͞1 M FeSO 4 ). For plates, agar was added to 17 g per liter. In some cases, FeSO 4 was omitted, as indicated. Spore formation was quantitated by measuring the fraction of cells in an overnight culture that survived treatment at 80°C for 10 min. The oligonucleotides used are listed in Table 2 .
In Vitro Transcription. pTZM1, pCA60, and pCA61 were linearized and used as templates for the transcription of rabbit ferritin IRE and of IRE-like sequences located downstream of the qoxD and feuA genes, respectively. Ten-microliter reactions contained 100 ng of DNA template, 20 Ci of ␣ 32 P-UTP (600 Ci͞mmol), 0.5 mM ATP, CTP, and GTP, 50 M unlabeled UTP, 20-25 units of RNasin (Promega), 10 mM DTT, and 25 units of T7 RNA polymerase. The reactions were incubated at 37°C for 1 hour before adding 10 g of yeast tRNA and 25 units of RNasin. One unit of RNase-free DNase I was added and the reaction was further incubated for 15 min at 37°C. After extraction with phenol, RNA was precipitated with 0.5 M ammonium acetate and one volume of isopropanol at Ϫ20°C. The labeled RNA was dissolved in water. To allow proper folding, the RNA was heated to 85°C and was cooled slowly to 4°C.
Gel Shift Assays. The radiolabeled RNA fragment (Ϸ1 pmol per reaction) obtained by in vitro transcription, as described above, was incubated with protein samples in 20 l reactions containing 10 mM Tris⅐HCl (pH 8.0), 50 mM KCl, 1 g of total yeast RNA, and 10% glycerol. The reactions were incubated for 15 min at room temperature and then were loaded on a running 4% nondenaturing polyacrylamide gel.
Determination of ACN Activity and Activation of the Enzyme. Enzymatic activity was determined by incubation of 5-20 l of protein preparation in a 1-ml reaction containing 90 mM Tris⅐HCl (pH 8) and isocitrate (20 mM) as substrate. One unit is defined as the amount of enzyme necessary to increase the OD at 240 nm by 0.0003 (because of accumulation of cis-aconitate). Aconitase-specific activity is expressed in units of activity per minute per milligram of protein. In some cases, aconitase was activated by treatment with 8 mM DTT and 0.8 mM Fe(NH 4 ) 2 (SO 4 ) 3 in Tris⅐HCl buffer (50 mM, pH 8) for 10 min at 25°C.
Mutagenesis of citB. To introduce a change in codon 517 of the aconitase gene of B. subtilis, a two-step PCR strategy was used. In the first PCR, the N-terminal segment (codons 104 to 526) and a C-terminal segment (codons 511 to 910) of citB were amplified by using oligonucleotides OCA5, OCA6, OCA7, and OCA8, respectively ( Table 2 ). OCA6 and OCA7 are complementary and both carry the desired mutation [TGT (cysteine) to GCT (alanine)]. The resulting DNA was used as a template for a second PCR using the external oligonucleotides (OCA5 and OCA8). The second PCR product then was directly introduced into strain JH642 (phe trp) by cotransformation with the chromosomal DNA of a tryptophan prototroph. Transformants were selected on minimal medium containing phenylalanine but lacking tryptophan. To find
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mutants lacking aconitase enzyme activity, the resulting colonies were screened for glutamine auxotrophy. The lack of aconitase activity was further confirmed by enzymatic assay (data not shown). Searching for IRE-Like Sequences. Two approaches were used to search for IRE-like sequences from the sequenced B. subtilis genome (15) . First, the B. subtilis genome was scanned by using the RNABOB program (http:͞͞www.genetics.wustl. edu͞eddy͞software͞#rnabob) for a stem-loop structure with the sequence NЈ NЈ NЈ NЈ C NЈ NЈ NЈ NЈ C A G U G N NЉ NЉ NЉ NЉ NЉ NЉ NЉ NЉ (where N is any base and NЈ and NЉ are complementary but otherwise not specified). Next, the genome was scanned for the sequence C N N N N N C A G U G located within 100 base pairs upstream of a start codon or within 100 base pairs downstream of a stop codon by using the pattern search program of SUBTILIST (http:͞͞www.pasteur.fr͞ Bio͞SubtiList). Sequences to be tested were synthesized as complementary oligonucleotides and were annealed and ligated to pBluescript SK(Ϫ).
Preparation of Crude Extracts and Purification of ACN and ACN C517A . Crude extracts and purified aconitase were prepared as described by Dingman and Sonenshein (11) . In brief, to obtain crude extracts, wild-type and citB mutant strains were grown in 200 ml of DS medium without FeSO 4 supplementation at 37°C with vigorous aeration. The cells were harvested by centrifugation (12,000 ϫ g, 4°C) and were broken by two passes through a French pressure cell [15,000 psi (1 psi ϭ 6.89 kPa)]. The crude extracts were separated from the cell debris by centrifugation. To obtain purified aconitase, the crude extracts were fractionated by ammonium sulfate precipitation (aconitase precipitated between 60 and 85% of saturation with ammonium sulfate). The pellet was dissolved in 20 mM Tris⅐citrate (pH 7.35) and was desalted and concentrated by using a Centricon 30 Microconcentrator (Amicon). The partially purified aconitase was then sequentially chromatographed on columns of DEAE-Sephacel and Sephadex G-100. Fractions containing aconitase were pooled and were stored at Ϫ20°C. Purified rabbit IRP1 was a gift from W. Walden (University of Illinois, Chicago).
RESULTS

B. subtilis
Aconitase Is an RNA Binding Protein. As a first test of the ability of B. subtilis aconitase to bind RNA, we assayed the interaction of the enzyme with a 90-nucleotide RNA containing the IRE normally found in the 5Ј UTR of (10) , whose product is similar to AcnA of Escherichia coli (7, 16) . When a purified preparation of aconitase was used in RNA binding assays as described above, an IRE͞aconitase complex also was obtained. The mobility of the complex was the same as that obtained by using cell extracts (Fig. 3A) . Moreover, the mobility of the B. subtilis ACN͞IRE complex was very similar to that of an IRP1͞IRE complex (Fig. 3A) . The apparent affinity of B. subtilis aconitase for the ferritin IRE was lower than the affinity of rabbit IRP1 for the same substrate.
The RNA Binding Activity of B. subtilis Aconitase Is Sequence-Specific. All of the binding assays described above were performed in the presence of at least 100-fold excess of yeast tRNA. To prove that the binding was sequence-specific, a radioactive RNA corresponding to the complement of the IRE sequence was synthesized and tested in a binding assay. Even though the sequence complementary to the IRE is likely to form a stem-loop structure similar to that of the IRE, there was no formation of a defined complex (Fig. 3B) .
The RNA Binding Activity of B. subtilis Aconitase Is Iron Responsive. IRP1 RNA-binding and aconitase activities are mutually exclusive in an iron-dependent fashion. Incubation of purified IRP1 with iron salts in the presence of a reducing agent decreases binding to RNA while increasing aconitase activity. On the other hand, incubation of the protein with an iron-specific chelator has the opposite effect (6). These characteristics are crucial to the role of IRP1 in iron homeostasis (1, 2) . To test whether B. subtilis aconitase also shows an interconversion between enzymatic and RNA-binding forms, crude extracts were obtained from wild-type cultures grown in medium with or without iron supplementation. Neither the level of expression of the citB gene nor the amount of aconitase protein in the extracts was changed as a result of altering the iron concentration in the medium (data not shown). The crude extracts were tested for both aconitase and IRE-binding activities (Fig. 4A ) before and after treatment in vitro with iron under reducing conditions. A complex was formed with the extract obtained from the iron-deprived culture but not with the extract from the iron-supplemented culture. On the other hand, high enzymatic activity was only seen when iron was added in vivo or in vitro. Addition of iron to an extract prepared from iron-deprived cells inhibited IRE-binding activity (Fig. 4A) .
FIG. 2. Ferritin IRE binding activity of B. subtilis cell extracts. (A)
Crude extracts of B. subtilis wild-type and MAB160 (citB::spc) strains were prepared from cells grown in DS medium without iron supplementation and harvested at the four time points indicated (1-4 hours after the end of exponential growth phase). Aconitase activity of the wild-type crude extracts, after activation with iron, is shown for each time point. The MAB160 extracts had no detectable aconitase activity. (B) A rabbit ferritin IRE-containing, radiolabeled 90-nt RNA (Ϸ20 cps per reaction) was mixed with extracts of wild-type or MAB160 (50 g of total protein per reaction), was incubated at room temperature for 15 min, and then was subjected to polyacrylamide gel electrophoresis. (Fig. 4B ). Iron and dipyridyl had opposing effects on aconitase activity and RNA binding; a concentration of iron that stimulated enzymatic activity inhibited binding (Fig. 4A ) whereas a concentration of dipyridyl that inhibited enzyme activity stimulated binding (Fig. 4B) . Thus, B. subtilis ACN has both enzymatic and RNA-binding activities that are interconvertible in response to the availability of iron.
ACN C517A , an Enzymatically Inactive B. subtilis ACN, Still Binds IRE. An enzymatically inactive form of B. subtilis ACN (ACN C517A ) was constructed (see Materials and Methods) by changing to alanine one of the three cysteines implicated in iron binding (17) . The strain (CA4) that produces ACN C517A is a glutamate auxotroph resulting from the lack of any detectable aconitase activity (data not shown). MAB160, a null citB mutant, and CA4 are both defective in sporulation, but the defect in sporulation was less severe in CA4. Approx- 5) . Lanes 7 and 8 show similar binding reactions using wild-type crude extracts. Lanes 9 and 10 show the complex formed by rabbit IRP1 (5 and 2.5 g͞ml respectively) with the same RNA probe. Unbound RNA was run in lanes 1 and 6. (B) The sequence complementary to the ferritin IRE (asIRE) was synthesized in vitro and was used as a target for binding (lanes 1 and 2) . In lanes 3 and 4, the IRE probe was tested with or without B. subtilis ACN (5 g͞ml). (C) Ferritin IRE binding activity of purified ACNC517A. Binding reactions were set up with radiolabeled ferritin IRE and either wild-type or ACNC517A protein preparations (see Materials and Methods). The respective protein concentrations are indicated.
FIG. 4. Iron-responsiveness of ferritin IRE binding activity. (A)
A wild-type strain was grown either in DS medium or in the same medium without addition of FeSO4. Cells were harvested at the start of the stationary phase, and crude extracts were prepared. All samples were assayed for aconitase activity (open bars) and IRE binding activity (filled bars) before and after activation in vitro with Fe 2ϩ and DTT (see Materials and Methods). The resulting binding gels were scanned, and both free and bound IRE were quantified by using the program IMAGE QUANT 1.2 (Molecular Dynamics). (B) Binding reactions of purified aconitase in binding buffer with or without addition of dipyridyl (0.5 mM). In this experiment, the unbound probe ran off the bottom of the gel.
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Proc. Natl. Acad. Sci. USA 96 (1999) 10415 imately 0.04% of the cells of a CA4 strain culture in DS medium formed heat-resistant spores whereas only 0.001% of MAB160 cells did so. ACN C517A was purified by using the same protocol used for the wild-type protein. The protein was able to bind ferritin IRE, although the mutant had a lower affinity for the IRE than did wild-type aconitase (Fig. 3C) . ACN C517A formed a complex with the IRE even when obtained from a culture grown with iron supplementation (Fig. 3C) . IRE-Like Structures in the B. subtilis Genome. The sequence-specific, iron-responsive RNA-binding activity of B. subtilis ACN would be consistent with a role in posttranscriptional regulation of iron metabolism genes. As a first approach to determining which genes are targets for such regulation, we searched the genome for IRE-like structures located in UTRs. Many candidates were found. For our initial analysis, we chose two putative IRE-like sequences, one located in the UTR downstream of the qoxD gene and another located between the feuA and feuB genes (Fig. 5A) . The former locus was chosen because it encodes a major iron-containing protein involved in electron transport [the fourth subunit of the cytochrome aa3 oxidase (18) ]. The latter was chosen because it is involved in iron uptake (19) .
Both IRE-like sequences were cloned downstream of a T7 promoter and were transcribed in vitro to obtain radiolabeled IRE-like structures. Aconitase was able to bind to both putative B. subtilis IREs (Fig. 5B) . The affinity of the binding was increased in the presence of dipyridyl, suggesting that the binding to the IRE-like sequences is affected by the availability of iron. Rabbit IRP1 was not able to bind to the putative IRE located downstream of the qoxD gene at the concentration tested (Fig. 5B) .
DISCUSSION
Iron metabolism is tightly regulated in both eukaryotes and prokaryotes (1, 20) because iron is both vital and potentially toxic for the cell. Although iron-containing enzymes fulfill essential functions such as electron transport and deoxynucleotide synthesis, high levels of iron catalyze the formation of highly reactive free radicals leading to oxidative damage to DNA and other cellular components (21) (22) (23) . Posttranscriptional regulation by IRPs has been shown to be an important part of such regulation in eukaryotes (1). Although prokaryotic ACNs are highly similar to IRPs (7), they had not previously been shown to have such regulatory activity. In this work we present direct evidence that B. subtilis ACN is an RNA-binding protein and is potentially involved in regulation of iron metabolism in B. subtilis. If so, such regulation would be in addition to transcriptional regulation of iron metabolism genes mediated by the Fur protein (24) .
Although we have shown that B. subtilis ACN is able to bind specifically to IRE-like sequences and that the presence of iron mediates the conversion between the enzymatic and RNA binding activities of the protein, the mechanistic link between aconitase and iron metabolism is still unclear. Further research is necessary to reveal the ways in which the reported RNA binding activity influences B. subtilis physiology. Indirect evidence for such a regulatory role comes from the sporulation phenotypes of aconitase mutant strains. A citB null mutant is severely impaired in sporulation, being blocked at stage 0 (10). A similar block is seen if wild-type cells are grown under conditions of iron limitation (C.A., R. Pagliarini, and A.L.S., unpublished work). In this work, we show that a strain that produces a mutant form of ACN that lacks enzymatic activity but is still able to bind RNA sporulates 40ϫ more efficiently than does the null mutant, even though neither mutant produces any detectable ACN activity. This result suggests a nonenzymatic role for the B. subtilis ACN, at least with respect to sporulation. As seen for eukaryotic IRP1 (17, 25) , mutation of one of the cysteines implicated in the formation of the iron-sulfur cluster fixes the B. subtilis protein in the RNAbinding form independently of the availability of iron. Another aconitase mutant deleted only for the C-terminal 50% of ACN also sporulates more efficiently than does the null mutant (J. E. Craig and A.L.S., unpublished work). Thus, it is conceivable that it is within the N-terminal domain of B. subtilis ACN that the nonenzymatic regulatory role resides. In fact, the Nterminal region of B. subtilis ACN includes a 10-amino acid sequence nearly identical to that of a peptide in IRP1 shown to be closely associated with bound RNA (26) .
Indirect evidence for a role of ACN in iron metabolism in prokaryotes comes from studies in Xanthomonas campestris and Pseudomonas aeruginosa. A null mutation in the ACN gene decreases the production of a X. campestris toxin involved in pathogenicity. The decreased level of the toxin is associated with a decreased concentration of intracellular iron (9). In P. aeruginosa, a low level of iron inactivates aconitase activity and increases the synthesis of exotoxin A (8). However, posttran- scriptional regulation by ACN mediated through RNA binding is not the only possible explanation for these observations. When the gene encoding ACN is mutated, the level of citrate in the cell increases because the Krebs cycle is blocked. It has been suggested that it is the high level of citrate that blocks sporulation in B. subtilis citB null mutants by chelating iron and manganese and perhaps other divalent cations (10) . Similar phenomena also could explain the altered expression of pathogenicity factors in ACN mutants of other bacteria.
We have shown that ACN is able to bind IRE-like sequences encoded in the B. subtilis chromosome. One such structure was found between the first two genes of the feu operon, which encodes an iron transport system. Computer analysis has identified similar sequences in the E. coli chromosome (27) . Interestingly, one of the identified sequences in the E. coli genome is located upstream of fepB, which is also involved in the transport of iron and is a homolog of feuA. It is not clear whether the relationship seen in eukaryotes between the location of the IRE (whether 3Ј or 5Ј of the coding sequence) and the level of the proteins encoded in the mRNA is conserved in prokaryotes. There are important differences to take into account, such as the polycistronic nature of bacterial operons. Given the high conservation of the ACN sequence in the prokaryotic world, it is likely that RNA-binding activity similar to that of the B. subtilis enzyme would be found in other bacteria as well.
